ABSTRACT: Marine sponges produce a diversity of unusual chemical compounds, but the ecological functions of these metabolites remain largely unknown. To determine if sponge secondary metabolites have ecologically significant antimicrobial effects, organic extracts from 33 species of Caribbean sponges were assayed for antibiotic activity against a test panel of marine bacteria. The test panel consisted of 8 strains representing 6 genera of marine bacteria and included an opportunistic pathogen ( Vibnoparahaemolyticus), a common fouling bacterium (Deleya marina), and strains isolated from seawater and healthy and necrotic Caribbean sponges. Extracts were tested for antibiotic activity at concentrations that were volumetrically equivalent to those found in sponge tissues (whole-tissue concentratlons). Bioassay results revealed that 16 species (48%) exhibited antibiotic activity against at least l bacterial isolate and that the 2 bacteria isolated from necrotic sponge tissues were the most sensitive test strains (inhibited by 40% of the extracts). Extracts from Amphimedon cornpressa, Amphimedon erina, Aplysina lacunosa, and Ptdocaulis spicuhfera inhibited the largest numbers of test stralns and exhibited the most potent antibiotic activities with values frequently exceeding those of a control antibiotic (gentarnicin). The pattern of antimicrobial activity was different for 15 of 16 active sponge specles, suggesting that diverse taxa do not produce similar antibacterial metabohtes. Overall, only 23 % of the extract/bacterial interactions exhibited antibactenal activity, indicating that, in general, conspicuous members of the Caribbean sponge community do not produce broad-spectrum anttbacterial metabolltes. All of the species yielding antibacterial extracts also deterred feeding by reef fishes in a previous study, suggesting that some secondary metabolites may have evolved multiple defensive functions Stevensine, a compound from Axnella corrugata (= Teichaxinella morchella) known to deter feed~ng by predatory reef fishes, exhibited weak antimicrobial activity, suggesting that this potent feedlng deterrent is not solely responsible for the antimicrobial activity detected in the crude sponge extract.
INTRODUCTION
Sponges are simple, multicellular, sessile animals with no true tissue layers or organs (Bergquist 1978) . They inhabit every type of marine environment, from polar seas (Dayton et al. 1974 ) to temperate and tropical waters (Reiswig 1973 , Wenner et al. 1983 , and are often more abundant and diverse in the tropics than stony and soft corals (Targett & Schmahl 1984) . Sponges feed on bacteria (Bergquist 1978) and are 'Addressee for correspondence. E-mail: pawlikj@uncwil.edu O Inter-Research 1999 constantly exposed to large populations of water-borne microbes, including opportunistic pathogens and fouling microorganisms. Despite these constant threats and a lack of the complex morphological and cellular defense mechanisms used by higher animals to combat bacterial pathogenesis (Simpson 1968 , Zhuravleva 1970 , sponges are highly successful members of the benthos and suffer few obvious bacterial infections.
The sponge class Demospongiae is known to produce the largest number and diversity of secondary metabolites isolated from marine invertebrates (Faulkner 1998 , and references cited therein). Although the functions of these secondary metabolites are largely unknown, there is some evidence that they provide chemical defenses against predators (e.g. Pawlik et al. 1995 , Chanas et al. 1996 . It has also been suggested that sponge secondary metabolites may provide defenses against fouling and infection (Amade & Chevolot 1982 , Thompson et al. 1985 , Pawlik 1993 ; however, this possibility has not been adequately explored.
The first report of antimicrobial activity of sponge extracts was by Nigrelli et al. (1959) . Since then, there has been a growing number of antimicrobial extracts reported from marine sponges (Burkholder & Riitzler 1969 , Bergquist & Bedford 1978 , Tachibana et al. 1981 , Amade & Chevolot 1982 , Amade et al. 1987 , Uemera 1991 , but these studies have generally used terrestrial microorganisms and human pathogens to assess antimicrobial activity. Some organic extracts from sponges have additionally yielded compounds with pharmacological properties such as antitumor, antifungal, and antiviral activity (Schmitz & Gopichand 1978 , Stonard & Andersen 1980 , Tachibana et al. 1981 , Kashman et al. 1989 . Despite the wealth of biologically active secondary metabolites isolated from marine sponges, the potential functions of these compounds in antimicrobial chemical defense have rarely been explored (Burkholder & Riitzler 1969 , Mokashe et al. 1994 .
In this study, we tested the crude organic extracts of 33 species of Caribbean sponges for antibacterial activity against a panel of 8 strains of marine bacteria that included isolates from necrotic and healthy sponges, an opportunistic pathogen, and a fouling bacterium. We sought to answer the following questions: (1) Do sponge organic extracts tested at whole-tissue concentrations inhibit the growth of marine bacteria? (2) Do antibacterial sponge extracts exhibit broadspectrum or selective antibacterial activity? and (3) Do sponge extracts that deterred feeding by reef fishes in a previous study (Pawlik et al. 1995 ) also exhibit antibacterial activity?
MATERIALS AND METHODS
Sponge collection. Thirty-three species of marine demosponges were collected from the reef and mangrove areas off the Bahamas and Florida Keys, USA. For each species, replicate samples were collected from 3 locations separated by > l 0 km to avoid collecting asexually produced clones. Sponge samples were collected in the Bahamas from reef and mangrove areas off the islands of Sweetings Cay, Eleuthera, Little San Salvador, Chubb Cay and Andros during June and July 1996 while on board the RV 'Seward Johnson'. Sponges were also collected during May and August 1997 from the reef and mangrove areas off Key Largo, Florida. The sponges were collected at 1 to 27 m depth by snorkeling and SCUBA. Each sponge sample was immediately frozen after collection and maintained at -20°C prior to extraction.
Bacterial panel. Sponge extracts were tested for antibacterial activity using a panel of 8 strains of marine bacteria (Table 1) . Two of these strains, the opportunistic marine pathogen Vibrio parahaemolyticus (ATCC 27969) and the surface fouling bacterium Deleya marina (ATCC 25374), designated VP and DM, respectively, were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). The remaining 6 strains were isolated from samples taken in the Bahamas using standard serial dilution and plating techniques on medium B1 (0.25 % peptone, 0.15 % yeast extract, 0.15% glycerol, 1.6% agar, 100% seawater). These strains were tentatively identified by fatty acid methyl ester (FAME) analysis (Microbial ID, Inc., Newark, DE, USA, using the Sherlock Microbial ID System). Two of these strains were isolated from the surface tissues of necrotic reef sponges (NS1 from Ircinia strobilina and NS2 from Agelas clathrodes), 2 from the surface tissues of healthy sponges (HS3 from Chondrilla nucula and HS4 from Pandaros acanthifolium), and 2 from seawater (SW5 and SW6). Extraction. Each sponge specimen was allowed to thaw, cut into small pieces, and then added to a graduated cylinder containing 10 m1 of 1 : l methano1:dichloromethane until a final volun~e of 20 m1 was achieved. This solvent mixture was chosen for the effectiveness with which it extracts a broad polarity range of secondary metabolites. Sponge tissue and solvent were transferred to capped containers and agitated for 24 h. After extraction, the sponge tissue was removed from the container and solvents squeezed from the tissue. The extract was evaporated to dryness under vacuum at room temperature and redissolved in 10 m1 of 4 : l MeOH:H20, thereby producing a solution containing the extract at the volumetric concentration of the original tissue.
Antibiotic assays. Assays were performed as previously described (Jensen et al. 1996) , with the exception that a 4-salt solution was substituted for seawater (Quigley & Colwell 1968) in the agar medium. In brief, 25 1. 11 of each sponge extract (whole-tissue concentration) was pipetted onto a sterile paper disc (Difco, Detroit, MI, USA) that had been suspended on top of a dissecting needle. The volume added was chosen because it represents the approximate volumetric capacity of each disc. The solvent was allowed to evaporate and the discs (up to 9 plate-') were then placed onto the surface of petri dishes that had previously been surface-inoculated with individual test strains. Plates were then incubated at 24°C for 24 h. Solvent control discs were prepared in the same manner and were never observed to inhibit bacterial growth. Gentamicin discs, treated with 10 mg disc-' of gentamicin (Difco), were used as antibiotic standards on each plate. Three replicate sponge extracts, each from a sample of the same species of sponge collected from geographically distant locations, were assayed on different plates.
Assays were also performed on the purified sponge compound stevensine, a fish feeding deterrent isolated from Axinella corrugata (Albizati & Faulkner 1985, Wilson et al. in press) . Assay discs were treated with 25 p1 of stevensine in 1:4 MeOH:H20 at the following concentrations: 10, 15, 25, 50, 100 and 200 mg ml-l.
After incubation, the radius of each disc, plus any clear zone surrounding the disc, was measured to the nearest mm. A sponge was considered active if one or more replicate extracts (each from a different sponge sample of the same species, but from different locations) produced a zone of inhibited bacterial growth 21 mm beyond the edge of the disc (radius = 3 mm). The area of this zone of inhibition was calculated for each replicate assay of discs treated with sponge extracts, and for gentamicin discs, and mean and standard deviations calculated for all treatments. Because the disk-diffusion assay is used to assess qualitative differences in antimicrobial activity, and is not without limitations (Jensen et al. 1996 , Jenkins et al. 1998 , statistical analyses were not used to assign significance between treatments.
RESULTS
Assays of extracts of 33 sponge species revealed considerable variability in antibacterial activity, with 48% (16/33) of the sponge species inhibiting at least 1 bacterial isolate (Fig. 1) Of the 8 test strains, NS1 was the most sensitive (inhibited by 39% of the sponge species), followed by NS2 and HS4 (36%), SW5 (21 %), DM and VP (18%), HS3 (12%), and SW6 (9%). With the exception of HS4 (Vibrio alginolyticus), the 2 most sensitive test strains were both Bacillus spp. isolated from necrotic sponges (See FAME identities in Table 1 ). Despite the fact that HS3 and VP were both identified as Vibrio parahaernolyticus (Table l ) , VP was inhibited by 2 more sponge extracts than HS3, and VP was inhibited by gentimicin, while HS3 was not.
Grouping the test bacteria by source, necrotic sponge isolates (NS1 and NS2) were sensitive to 38% of the extracts, healthy sponge isolates (HS3 and HS4) were sensitive to 24% of the extracts, the opportunistic pathogen and fouling strain (DM and VP) were sensitive to 18% of the extracts, and the seawater isolates (SW5 and SW6) were sensitive to 14% of the extracts. If the bacteria are further categorized as spongeassociated and non-sponge-associated, the activity rates are 31 and 16 %, respectively. Three isolates (HS3, SW5, SW6) were resistant to gentirnicin, but these were inhibited by 4, 7, and 3 sponge extracts, respectively.
Extracts of An~phimedon cornpressa exhibited antimicrobial activity against all 8 bacterial isolates (Fig. 1) . Extracts of Ptilocaulis spiculifera, Aplysina lacunosa, and Amphimedon erina exhibited antimicrobial activity against 7 of 8 isolates, with the first of these yielding the largest zones of inhibition observed in this study. Extracts of Agelas wiedenmeyeri were active against 5 of 8 isolates, and Teichaxinella morchellum and Aplysina fistularis were each active against 4 isolates. Extracts of 4 sponge species were active against 3 isolates and an additional 5 species were only active against 3 or 2 bacterial isolates, of which at least one was obtained from a necrotic sponge (NSI or NS2). The pattern of antimicrobial activity for 15 of the 16 active species was different (i.e. no 2 species generated extracts that were active against the same bacterial isolates).
Ircinia felix has different growth forms in reef and mangrove environments. Extracts of both morphologies exhibited similar levels of activity against the same 3 bacterial isolates (Fig. 1) .
The compound stevensine, isolated from Axinella corrugata, exhibited antimicrobial activity at a concentration of 50 to 200 mg ml-' against NS1, NS2, HS4, and DM. The activity of the purified compound at all concentrations was less than that of the sponge crude extract for all sensitive strains except for stevensine at 200 mg ml-' against NS2, which exhibited the same activity as the crude extract of A. corrugata.
DISCUSSION
Sponges have few obvious defenses, yet for most species survival is dependent on their ability to deter predators, inhibit pathogenic microbes, and discourage the formation of a bacterial biofilm and subsequent macrofouling community. Research has indicated that sponge secondary metabolites may play important roles as defenses against some of these biotic challenges (Burkholder & Riitzler 1969 , Amade & Chevolot 1982 , Thompson et al. 1985 , Amade et al. 1987 , Pawlik et al. 1995 , Chanas et al. 1996 ); however, with the possible exception of predator deterrence, our understanding of sponge chemical ecology is poorly developed. The present study was an attempt to determine the extent to which diverse Caribbean sponge taxa produce metabolites that inhibit the growth of cooccurring and potentially deleterious marine bacteria and to address the possibility that some of these compounds serve multiple defensive roles.
Previous studies using assay methods similar to those reported here have demonstrated that organic extracts of Mediterranean sponges (Arnade & Chevolot 1982) and Caribbean gorgonian soft corals (Jensen et al. 1996) did not exhibit a high degree of antibacterial activity against marine bacteria. Only 8 of 100 extracts of hard corals exhibited activity against a panel of heterotrophic bacteria, although all 100 inhibited cyanobacterial growth (Koh 1997) . We observed that 52% of the sponge species tested did not inhibit any of the 8 bacterial test strains and that only 23% of the extracffbacteria interactions resulted in antibiotic activity. These results lead us to conclude that the extracts of Caribbean sponges, in general, do not contain broad-spectrum, antibacterial agents inhibitory to the growth of common, CO-occurring and potentially harmful marine bacteria. However, extracts from spe-cific taxa, e.g. Amphimedon compressa, Ptiloca ulis spiculifera, Aplysina lacunosa, and Amphimedon erina, which inhibited 88 to 100% of the test strains, may be exceptions to this generalization. Additional species that exhibited selective activity against a few members of the test panel may contain antibacterial agents targeting specific bacterial taxa and, although not characterized as having broad-spectrum activity, these activities may nonetheless represent functional antibacterial chemical defenses. Similar conclusions were reached by Kelman et al. (1998) in their examination of the antimicrobial activity of extracts of developmental stages and adults of the Red Sea soft coral Parerythropodium fulvum fulvum.
It is interesting to note that, as a group, bacteria isolated from sponge tissues (healthy and necrotic) were on average the most sensitive strains (inhibited by 33% of the sponge extracts). This result suggests that the evolution of secondary metabolites in some sponge taxa may have been influenced by CO-occurring bacteria, a concept that clearly warrants further study before any conclusions can be drawn. That the 2 strains isolated from necrotic sponges were both Bacillus spp. suggests that Gram-positive bacteria may represent some previously unrecognized threat against which some sponge taxa may be chemically defended.
Given that the production of secondary metabolites requires energy that might otherwise be allocated to growth or reproduction (Herms & Mattson 1992) , sponges may have evolved secondary metabolites that play multiple defensive roles, i.e. as feeding deterrents and antibacterial agents. For example, it was recently discovered that the secondary metabolites present in some algae may play the dual role of inhibiting herbivory and preventing fouling (Schmitt et al. 1995) . In the present study, all of the 16 sponge species whose crude organic extracts exhibited antibacterial activity also inhibited feeding by predatory reef fish in aquarium assays (Pawlik et al. 1995) . Five extracts that did not exhibit antibacterial activity were similarly non-deterrent in fish feeding assays. The compound stevensine, which has been identified as the metabolite from Axinella corrugata that deters feeding by predatory reef fish (Wilson et al. in press) , also exhibited weak antibacterial activity in the present study. The zones of inhibition produced by crude extracts of A. corrugata, however, were greater than those for purified stevensine, and stevensine was minimally active at 50 mg rnl-l, while the mean concentration of the compound in the sponge is 19 mg ml-' (Wilson et al. in press) , suggesting that stevensine may not be the only antibacterial secondary metabolite produced by this sponge.
The secondary metabolites present in sponges of the genus Amphimedon may also play multiple defensive roles. Extracts of A. compressa and A . enna contain complex polymers of pyridinium alkaloids, including halitoxin and amphitoxin (Schmitz & Gopichand 1978 , Albrizio et al. 1995 . In previous studies, these compounds exhibited general cytotoxicity and were toxic to fish and mice (Schmitz & Gopichand 1978) . Arnphitoxin also inhibits feeding by reef fishes in aquarium assays (Albrizio et al. 1995) . In the present study, extracts of A . compressa and A. enna exhibited among the broadest and most potent antibacterial activities. While purified compounds from these sponges were not assayed, it is likely that the observed antibacterial activity is the result of the presence of the previously identified and highly bioactive pyridinium alkaloids.
Despite the foregoing, it is clear that not all compounds that deter fish feeding also display antibacterial activity. Extracts from 11 of 33 species of sponges assayed in the present study exhibited no antibiotic activity yet deterred feeding by reef fish (Pawlik et al. 1995) . The species in one genus of sponges in particular, Agelas, are potently defended against potential predators from a mixture of brominated pyrrole-containing compounds (Chanas et al. 1996 ), yet the crude extract of A . wiedenmeyeri was only moderately antibacterial. Although some metabolites may act to defend sponges from both microbial attack and from potential predators, available evidence suggests that many sponge chemical defenses have not evolved for both roles.
The antibiotic results presented here were obtained using &sc-diffusion assays, the limitations of which have been discussed in detail elsewhere (Jensen et al. 1996 , Jenkins et al. 1998 . In the present study, extracts were tested at whole-tissue concentrations. Without information about rates of compound release into the surrounding seawater and the localization of metabolites in specific tissues however, it is not possible to determine how the test concentrations compare with those potentially experienced by microbes in nature. It is not unreasonable to assume that whole-tissue concentrations overestimate natural concentrations, and if activities are not detected at these levels, it is unlikely that antibacterial effects occur in nature. Of course it is possible that sponges maintain antibacterial chemical defenses that (1) are induced by microbial challenge, (2) are non-toxic (e.g. induce a negative chemotactic response), (3) target bacteria that were not included in the test panel, or (4) are concentrated in surface tissues and therefore were not detected with the methods used here. The assay results presented herein must also be interpreted with caution as activities are dependent on the rate of compound diffusion in agar, and zone sizes may not accurately reflect in situ potencies.
It is interesting to note that 15 of 16 active sponge species did not inhibit the same strains of bacteria in the test panel (Fig. 1) . This result suggests that differ-ent species produce different antibacterial metabolites and that, if these metabolites are functioning as antibacterial chemical defenses, it is likely that they target different microbial threats. The 4 species that inhibited the largest numbers of test bacteria (Amphimedon compressa, Ptilocaulis spiculifera, Aplysina lacunosa, and Amphimedon erina) generally produced the most potent extracts, justifying further investigation of the hypothesis that select Caribbean sponges maintain antibacterial chemical defenses.
